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Abstract.

Output of an eddy-resolving model of the North Atlantic is diagnosed in the

vicinity of the Gulf Stream (GS), using the three-dimensional quasi-geostrophic transient
wave activity flux diagnostic developed by Plumb [1986]. The model North Atlantic shows
large transient wave activity along the model GS and along the edge of the Mediterranean
Outflow. The fluxes show advection of wave activity by the GS from the separation point
and radiation of wave activity from the GS in the top 1000 m. The wave radiation from
the model GS is particularly clear to its south and points southwestward in general. The
fluxes in and around the Mediterranean Outflow appear to be generated and dissipated
locally. The vertical component of the transient wave activity flux is downward on average
at all depths, suggesting conversion of baroclinic energy supplied near the surface into
kinetic energy distributed throughout the depth. Eddy fields show that transient eddies
tend to reinforce quasi-stationary meanders in the GS just downstream of the separation
point. We also find evidence for eddy forcing of the northern recirculation generated in

the model, in agreement with the available observations.

1. Introduction

Mesoscale eddies are particularly energetic in the vicinity of
the Gulf Stream (GS) and the North Atlantic Current (NAC).
Eddy kinetic energy along these currents is estimated to be
several orders of magnitude greater than that in the surround-
ing quiet regions [e.g., Wyrtki et al., 1976; Schmitz et al., 1983;
Krauss, 1986]. It has been speculated that the GS is the source
of eddy activity for far fields through wave radiation [Wunsch,
1983; Schmitz et al., 1983]. Although steadily propagating dis-
turbances toward the east cannot radiate energy into Rossby
wave motions [Pedlosky, 1977], disturbances supported by a
basic state jet that has some meridional component can radiate
energy into far fields effectively [Kamenkovich and Pedlosky,
1996, 1998]. Also, transience of propagating disturbances, such
as growth and decay of meanders observed along the GS, can
radiate wave energy [Malanotte-Rizzoli et al., 1987]. Hogg
[1988] and Malanotte-Rizzoli et al. [1995] demonstrated that
such transience of the GS meanders can radiate wave energy
away into far fields and induce circulations away from the GS.
Recirculations observed to the north and south of the GS may
be driven by the wave energy radiated away from the GS [Hogg,
1988; Malanotte-Rizzoli et al., 1995]. Indeed, such eddy-driven
recirculation cells are observed in idealized model experiments
[e.g., Holland and Rhines, 1980]. On the other hand, stability
analysis and studies with an idealized model by Spall [1994]
suggest that open ocean baroclinic instability can generate
mesoscale eddies in the interior of the oceans away from the
GS.

Observational evidence of wave radiation from the GS is
limited because of the limited data available for calculations of
second-order statistics of oceanic motions with a reasonably
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accuracy. However, Bower and Hogg [1992] found evidence of
barotropic wave radiation from the GS in the deep ocean to
the north of the GS from available current meter data. Also,
Chester et al. [1994] analyzed the Synoptic Ocean Prediction
(SYNOP) tomographic data using a simplified version of the
three-dimensional transient wave activity flux diagnostic devel-
oped by Plumb [1986]. They computed the wave activity flux at
500 and 1000 m depths and found evidence of southward and
downward radiation of transient waves from the GS in the
vicinity of 55°W and 37°N.

Potentially important roles that mesoscale eddies may play
in forcing and maintaining large-scale circulations have been
studied by theories [Rhines and Holland, 1979; Rhines and
Young, 1982a, b] and idealized models [e.g., Holland, 1978;
Holland and Rhines, 1980]. These theoretical and model stud-
ies suggested very important roles of transient eddies in driving
large-scale circulations in the presence of large-scale wind forc-
ing that provides energy to the eddies. An observational effort
in describing the role of eddies in large-scale circulations also
suggests that transient eddies play an important role in driving
the mean frontal current of the GS by pumping momentum
into the mean flow jet [Schmitz et al., 1983]. Also, a similar
pattern of eddy momentum forcing of the mean subtropical jet
in the atmosphere is well known [e.g., Oort and Peixoto, 1983].
Because of their likely important roles in driving the mean flow
and in transport and mixing of heat and salt in regions that are
particularly important in forcing the midlatitude atmosphere,
mesoscale eddies may play critical roles in maintenance and
fluctuations of regional and global climates as well. Therefore
understanding the roles of these eddies in the large-scale oce-
anic circulations may be crucial to understanding the dynamics
of climate.

Here we have attempted to study characteristics of genera-
tion, propagation, and dissipation (or absorption) of wave ac-
tivity in the North Atlantic, focusing on the vicinity of the GS
and the NAC. Because of the lack of sufficient data to perform
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such a study, we have used output of an eddy-resolving model
of the North Atlantic as pseudodata. Although the models are
not perfect and lack certain physics, the output of such models
is dynamically consistent and available at regular intervals in
space and time. If the model reproduces some key observed
features reasonably well, the diagnostic results may well reflect
some of the reality. Results may well suggest to us what parts
of the oceans are more likely to provide us with key informa-
tion in studying various facets of the oceanic flows and thus
help us target the observational efforts more effectively. Also,
application of diagnostic tools to model output may be used as
a means to diagnose problems in the model solutions and thus
may provide useful information for future improvements of the
model. Section 2 briefly describes the model output used for
the study. Section 3 describes the formulation of Plumb’s
[1986] three-dimensional transient wave activity flux diagnostic
and minor modifications made for the current study. Section 4
describes and discusses the diagnosed transient wave activity
and its fluxes. Section 5 discusses diagnoses of the eddy time
mean relationship in large-amplitude meanders in the model
GS. Section 6 describes the eddy fields at 55°W in relation to
the model’s northern and southern recirculations. Finally, sec-
tion 7 summarizes and discusses the results.

2. Pseudodata

The pseudodata used for the calculations are from a 30 year
integration of an eddy-resolving general circulation model
(GCM) of the North Atlantic described by Chao et al. [1996].
The model is based on the Parallel Ocean Program (POP)
developed at Los Alamos National Laboratory [Dukowicz and
Smith, 1994]. The POP is a free surface version of the primitive
equation model developed at the Geophysical Fluid Dynamics
Laboratory [Bryan, 1969; Cox, 1984]. The model basin covers
the Atlantic basin from 35°S to 80°N and from 100°W to 20°E.
The horizontal grid spacing of the model is ~1/6° (0.1875° in
longitude and 0.1843° in latitude). There are unevenly spaced
37 vertical levels in the model. There are 19 levels in the top
1000 m, with the thickness of each model layer varying from
11 m at the surface to 198 m at 901 m. Below the top 1000 m
all levels have the same thickness, 250 m. At artificial bound-
aries of the model ocean, temperature and salinity are restored
toward seasonal climatology. The portion of integration from
which we extract the output is driven with the surface salinity
restored toward the Levitus climatology [Levitus et al., 1994],
the surface heat flux derived from the European Centre for
Medium-Range Weather Forecast (ECMWF) analysis, and
the surface wind stress derived from the ECMWF analysis. The
reader is referred to Chao et al. [1996] for more details of the
model integration and simulation results. As described by
Chao et al. [1996], the model has reproduced some of the
observed characteristics of the GS reasonably well. In partic-
ular, the separation point and the mean path of the GS are
reproduced reasonably well. The model GS does, however,
show unrealistic features. In particular, the model GS has
significantly stronger quasi-stationary meanders along its path
downstream of the separation point than does the observed.
Also, the model GS underestimates kinetic energy consider-
ably compared to some observational values at depth [Owens,
1991; Richardson, 1993]. Also, farther downstream, the char-
acteristic 90° northward turn of the current toward the North-
west Corner is not reproduced well in the model. Rather than
turning northward, the current becomes split, producing some
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flow turning north and some flow shooting toward northeast.
This problem has been observed in other North Atlantic Ocean
simulations by eddy-resolving models [e.g., Bryan and Holland,
1989; Semtner and Chervin, 1992; Smith et al., 1992; Beckmann
et al., 1994].

We focus our attention on a domain that covers 30°-60°N
and 75°-15°W for the present work. The choice is made to
cover most of the GS after separation from the western bound-
ary and the NAC and to make calculations of the diagnostics
reasonably efficient on our computational resources. The
three-dimensional model output is saved every 3 days. This
sampling frequency is sufficient to obtain smooth evolution of
temperature and salinity fields, as well as the velocity field,
from the saved output. However, the output contains fluctua-
tions of very high frequency that are likely to produce strong
noise in the diagnostic results. Time series of 3 day mean fields,
instead of snap shots at a 3 day interval, may well reduce the
noise significantly. Because of the lack of computer memory
for storing such 3 day mean fields during the model integra-
tion, we do not have an option of using the 3 day mean fields
for the calculations to be presented. The portion of the model
output employed for the diagnostics is from March of year 25
to February of year 30. During this 5 year period, 600 snap-
shots of potential temperature, salinity, and horizontal velocity
are available. From the temperature and salinity output we
compute in situ density and potential density using the full
nonlinear equation of state used in the model integration.
Local stratification is used for computation of quasi-
geostrophic potential vorticity.

3. Formulation of Three-Dimensional Quasi-
geostrophic Transient Wave Activity Flux

Plumb [1986] derived an expression for an approximate con-
servation equation for transient wave activity using a quasi-
geostrophic eddy enstrophy equation of a form,

an  —— o _
E—I—vq-th—sq, )

where d/dt is the derivative following the geostrophic flow and
s represents the sink or source of quasi-geostrophic potential
vorticity, g. A subscript h denotes a horizontal vector. An
overbar denotes the time average, and a prime denotes a de-
viation from the average. Here eddy potential enstrophy 7 is
defined by

n=5 (2)
where ¢ is defined by
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Here A and ¢ are longitude and latitude, respectively, a is the
radius of the Earth, f is the planetary vorticity, { is relative
vorticity, i is the stream function, and N is the Brunt-Viisila
frequency. The triple correlation term v'q’ + Vg’ has been
neglected with respect to v'g’ + V,g in (1). Plumb [1986] notes
that the triple correlation term may be absorbed into the right-
hand side of (1), making the right-hand side term a combina-
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tion of source/sink and nonlinear effects. We have found that
the triple correlation term is not negligible in general in the
pseudodata used for the current study (M. Nakamura and Y.
Chao, Diagnoses of an eddy-resolving Atlantic Ocean model
simulation in the vicinity of the Gulf Stream, II, Eddy potential
enstrophy and eddy potential vorticity fluxes, submitted to
Journal of Physical Oceanography, 1999b, hereinafter referred
to as Nakamura and Chao, submitted manuscript, 1999b) and
thus consider the right-hand side of (1) to be a combination of
source/sink and nonlinear effects. With two simplifying as-
sumptions, Plumb [1986] showed that (1) can be manipulated
to yield a conservation equation for quasi-geostrophic wave
activity M,

oM
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and the total wave activity flux M. is given by the sum of the
radiative wave activity flux and the advective flux

M; = My + V,M. (7)
The radiative flux My, is defined by
My = nBj;, (®)
where n and B are defined by
\2
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The two simplifying assumptions necessary to derive the con-
servation equation, (4), are (1) the g gradient is slowly varying
in the direction of the mean flow as compared to the eddy
enstrophy and (2) the direction of the g gradient is slowly
varying compared to B. The radiative component My, is essen-
tially a generalization of the Eliassen-Palm flux [Eliassen and
Palm, 1961] for the time mean flow with zonal variations. Also,
Plumb [1985] showed that in the almost plane wave limit, M.
is everywhere parallel to the group velocity of transient waves.
It thus provides us with information on the mean direction of
propagation of transient waves and the energy associated with
them in this limit. It is clear from (4)-(10) that the magnitude
of My indicates the strength of transient waves and that the
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convergence of My is related to nonconservative effects that
suggest dissipation or absorption of the wave activity and vice
versa.

We have used Plumb’s [1986] formula given by (4)—(10) with
only slight modifications for our calculations. We compute g by

o™

Jz
q:f+§+fd700, (11)

dz

where o, is the reference potential density, which is a function
of depth only, and ¢* is the deviation in ¢ from o,. The last
term on the right-hand side of (11) may be approximated by
—(0/9z)(fgo*/p,N?), where p, is the reference density at a
constant depth. Thus we replace f2/N? 9'/dz with — (fgo*'/
N?p,). Also, as by Plumb [1986], we assume u ~ —1/a 9/ ¢
and v =~ 1/(a cos ¢) dy/dAr. With these approximations we
obtain

Mg = Mii + Myj + M3k, (12)
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Our formula reduces to that used by Chester et al. [1994] when
dg/dx is much smaller than dg/dy and potential density per-
turbations are dominated by potential temperature perturba-
tions. We emphasize that assumptions of small-amplitude per-
turbations, slowly varying |V,g| in the direction of the mean
flow as compared with the eddy enstrophy, and slowly varying
direction of Vg as compared to B may not be as well justified
in our case as they are in atmospheric cases examined by Plumb
[1986]. We have found that large-amplitude eddies play critical
roles in formation of the mean structures in the domain con-
sidered here. Also, there are small-scale structures in g that
have the same scale as those of eddy correlation terms. There-
fore the reader must keep in mind the limitation of the diag-
nostic approach and should interpret the results with caution.
With an objective of estimating the first-order linear propaga-
tion characteristics of quasi-geostrophic eddies in this domain
we compute the three-dimensional transient wave activity flux,
applying (4)-(16) to the 5 year model output described in
section 2. To reduce noisy structures in the time mean fields,
we smooth them by applying a nine-point equal weight aver-
aging to the time mean. Eddies are calculated by subtracting
the smoothed time mean field from the total field for each
variable. We have not attempted to filter out the seasonal cycle
since such filtering shall result in some loss of true wave signals.
Therefore the wave activity and fluxes of the wave activity do
contain effects of the seasonal cycle. Below the mixed layer the
effect of the seasonal cycle weakens considerably, allowing a
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straight interpretation of the wave activity as that due to quasi-
geostrophic transient waves.

4. Wave Activity and Wave Activity Fluxes
4.1.

Transient wave activity M as defined by (6) is essentially a
measure of transient eddy amplitudes at a given location. It
arises mainly from three different sources in the model. Obvi-
ous sources are transient motions associated with baroclinic
and barotropic waves. These motions are expected to be strong
along the GS. Another possible source is transient motions
generated by flows associated with waves induced by topogra-
phy. This may be a significant source of M where strong flows
are observed along lateral boundaries or on sloping bottoms,
including bottom topography. (The model ocean is assumed to
be in a hydrostatic balance, and therefore internal gravity
waves are not represented by the wave activity fluxes.) The
horizontal and vertical structures of M show large spatial vari-
ations in the wave activity in the model ocean. Plate 1 shows
log,, of M at selected levels. Because of the relatively short
time series used for the diagnoses, M is noisy. However, gross
large-scale horizontal structures can be seen fairly clearly. In
general, M is large near the surface and small at deeper levels,
with a very large range of the order of magnitude from 10~ to
10° m s™'. Even at a given level, a range of the order of
magnitude of M is very large, typically 5 orders of magnitude at
each level. There are two regions that show large values (with
respect to other regions at a given depth) in M. One is a band
near the edge of the Mediterranean Outflow, and the other is
the vicinity of the GS. (The model Mediterranean Outflow is
somewhat displaced from the observed position.) In both re-
gions the maximum values occur near the surface with a slight
difference in the depth at which the maximum occurs. In the
vicinity of the GS, quite large values are observed between 100
and 1000 m (Plate 1b), while only the top 50 m shows very large
values over the edge of the Mediterranean Outflow (Plate 1a).
As shown in the following section, V,M is large along the
model GS, generally decreasing downstream from the separa-
tion point. On the other hand, it will be shown that V,M
originates from and converges in the region of large M in the
top 50 m over the edge of the Mediterranean Outflow. These
features imply that the large M over the edge of the Mediter-
ranean Outflow is entirely locally generated, most likely by
baroclinic instability such as that discussed by Spall [1994],
while the large M along the GS is due to both the mean flow
advection of M and the local generation by baroclinic and
barotropic instabilities.

Below the near-surface maximum, M shows very small val-
ues at middepths in these two regions. The layer of very small
M in these regions lies above a layer of fairly large M, creating
middepth minima. Plate 2 shows a vertical cross section of
log,, of M, averaged from 37.5° to 42.5°W. Points where the
average is computed from a longitudinal band with a width <2°
because of topography are treated as land points in Plate 2. As
is evident in Plate 2, there are layers of small (order 10~! m
s~!) M below the model GS (38°-50°N) above 2500 m and
below the band of very large M near the surface (32°-38°N)
between 200 and 400 m. Inspections of cross sections at other
longitudes show that the latter shallow local minimum below
the band of very large M near the surface is observed clearly
only over the bottom topography associated with the Mid-
Atlantic Ridge (MAR). These local minima in M at different
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depths suggest that baroclinic waves may have substantially
different vertical structures in these two regions, perhaps con-
trolled by the bottom topography.

4.2. Horizontal Fluxes

Horizontal fluxes of transient wave activity M consist of the
mean flow advection of the wave activity, V,M, and radiation
of the wave activity, Mg, Plate 3 shows the horizontal com-
ponent of the total wave activity flux, M,,, and the horizontal
mean flow V,, superimposed on g at selected levels of the
model. (Structures of g are described and discussed in detail by
M. Nakamura and Y. Chao (Diagnoses of an eddy-resolving
Atlantic Ocean model simulation in the vicinity of the Gulf
Stream, I, Potential vorticity, submitted to Journal of Physical
Oceanography, 1999a).)

The most striking features in My, are the advection of M by
the GS from the vicinity of the separation point and the radi-
ation of M from the GS along its path in the top 1000 m (Plates
3a, 3b, and 3c). Inspections of V,M and My, show that V, M
advects M from the separation point along the GS path, grad-
ually decreasing downstream, although V, M shows some local
convergence and divergence along the path. In the top 500 m,
M., consists almost entirely of V,M along the GS. The advec-
tive fluxes are particularly large in the top few hundred meters,
where the model GS shows fairly realistic strength, and appear
parallel to the contours of g to the lowest order. (The large
fluxes in the region of large ¢ in the top 50 m contain strong
signals of the seasonal cycle and may not necessarily represent
propagation of quasi-geostrophic waves at this level. However,
we do observe active waves in this region in movies of q.)
Below 500 m, V,M by the model GS and My, have comparable
magnitudes and tend to have the same direction to the north of
the center of a tongue of high g.

Inspections of Mg, show that the model GS radiates waves
along its path, particularly clearly to its south toward south or
southwest, in general, throughout the top 1000 m. Because of
the small magnitude of My, to the south of the model GS, this
is not visible in Plate 3. Plate 4 shows log;, (|My,|)m at 577 and
1375 m, where m is a unit vector parallel to My, to show
weaker wave radiation more clearly. Much of the flux to the
south of the GS appears to originate from either the main flow
or the weaker southern branch of the model GS and becomes
slightly larger toward the direction of propagation (Plate 4a).
The fluxes are nearly parallel to the contours of g everywhere,
even where Mg, dominates Mp,. (When wave energy density
e is dominated by eddy available potential energy, i.e.,

1[g o2

E= —F | = —F7—1,
2 g da'n
dz

it is easy to see that (V,,g) * Mg, ~ 0. It implies that transient
eddies propagate along the contours of g to the lowest order
when the mean flow is weak and the eddy available potential
energy is much greater than the eddy kinetic energy.) The flux
vectors suggest that the waves grow slightly as they propagate
along the contours of g and exit the domain southward or
southwestward near the southwestern corner of the domain in
the top 400 m (not shown). At 577 m (Plate 4a), there is a clear
sign of some fluxes returning to the vicinity of the separation
point, suggesting that some of the wave activity radiated from
the GS along its path is “recycled” and is fed back into the GS
near the separation point. Wave activity converging into the
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Plate 1. Horizontal plots of log,, of transient wave activity M at (a) 17, (b) 140, (c) 1375, and (d) 3375 m.
Units of M are m s~ .
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Plate 2. Vertical cross section of the 5° longitudinal average of log,, of M at 40°W. The vertical and

horizontal coordinates are depth in meters and latitude in degrees, respectively. Units of M are ms™ .

boundary region may be, in part, dissipating because of friction
but may well be contributing to acceleration of the GS along
the boundary or may simply be advected downstream by the
GS. The southwestward or southward My, exiting the domain
of calculation at upper levels may be converging into the
boundary region farther south outside of the domain also.
Similar patterns of My, are observed to the south of the center
of the tongue of high g at 721 and 901 m levels, showing
weaker recycling of wave activity in the vicinity of the GS.
Wave radiation to the north of the model GS is not as clear as
is that to the south of the GS, although My, is greater in
magnitude to the north than it is to the south of the GS.
However, as shown in an example in section 6, vertical cross
sections of M?%. show that there is also some northward wave
radiation from the model GS.

These patterns of My, in the vicinity of the GS in the top
1000 m suggest the following picture. The GS advects transient
wave activity from a major source at the separation point (or
farther upstream of the separation point, which is not covered
in the current diagnosis) downstream along its path. As the
wave activity is advected by the GS, it is also radiated from the
GS. (The wave activity radiated from the GS is likely to contain
wave activity that is locally generated in the vicinity of the GS
by baroclinic and barotropic instabilities.) Some of this wave
activity radiated from the GS is fed back into the GS in the
vicinity of the separation point and farther upstream of the
separation point, while some is dissipated at the boundary. The
reader should note, however, that a slight displacement in the

1

position of the model GS and the underestimated model GS
and its eddy kinetic energy below the top few hundred meters
are bound to be associated with errors in the details of My,.
Our hope is that the gross qualitative picture presented here
reflects that of the real ocean.

Below the top 1000 m, there is no clear sign of M advection
or radiation by the model GS. The only exception may be wave
radiation from a band that extends toward east-northeast from
the southwest corner of the domain below 2000 m (Plate 3e).
This band is located underneath the tongue of high g at 901 m,
suggesting that waves radiating away from this area may rep-
resent an indirect influence of the GS at ~1000 m. At these
deep levels the fluxes are predominantly westward and con-
verge at the western boundary, where some M is dissipated by
friction and some is advected by the boundary current. As
noted earlier, the model substantially underestimates V,M by
the GS below the top few hundred meters, as well as the eddy
kinetic energy. It implies that the import of wave activity along
the model GS and subsequent wave radiation from the GS at
these depths are also likely to be significantly underestimated.
A comparison of the Deep Western Boundary Current
(DWBC) in the model and the observed data [Hogg, 1983;
Hogg et al., 1986; Pickart and Smethie, 1993] shows that the
model also significantly underestimates the DWBC, particu-
larly below 2000 m where the observed data show the strongest
DWBC. Given the important role of the DWBC in the dynam-
ics of the GS in the vicinity of the separation point found in
idealized model experiments [e.g., Thompson and Schmitz, 1989;
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Plate 4. Vector plots of log;, (|Myy|)m, where m is a unit vector parallel to M., superimposed on contours
of g at (a) 577 and (b) 1375 m. Before log;, (|[Myy|) was calculated, [My,,| was multiplied by 100 to make log,,
(IMpy|) zero when [My,| = 0.01 m? s~ 2 Negative values of log,o (|[Myy|), i.€., My, < 0.01 m? s 2, were set
to zero.
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Spall, 1996a, b], the underestimated DWBC in the model is likely
to have resulted in errors in My, in the vicinity of the GS.

Chester et al. [1994] calculated wave activity fluxes to the
south of the GS in a similar fashion and found that the hori-
zontal component is generally southward at both 500 and
1000 m. The model shows the nonnegligible westward compo-
nent at the 577 m level and the eastward component at the
1175 m level in the area considered by Chester et al., 55°W and
37°N. However, as is evident in Plate 4, the direction of My,
varies significantly in space with a fairly small spatial scale.
Since the model GS is far from perfect and the calculations by
Chester et al. do have some uncertainty intrinsic to the data
and error arising from the neglect of 9G/dx and V,M, it is not
surprising to see some difference in the direction of the fluxes
in the model and their data. The important feature in agree-
ment is the general pattern of wave radiation from the GS to
its south both in data and in the model.

Another conspicuous feature in My, is the generation and
radiation of wave activity in and around the Mediterranean
Outflow. This feature is observed in the top 50 m and between
900 and 2500 m. Very large M-, occurs in the band of large M
over the edge of the Mediterranean Outflow in the top 50 m
(Plate 3a). The large My, is almost entirely due to V,,M despite
the weak mean flow in this region. The fluxes originate near
the northern edge of the band and converge near the southern
edge of the band, where the largest values in M are observed.
Presumably, baroclinic waves begin to grow near the northern
edge of the band and reach their maximum amplitudes and
begin to decay near the southern edge as they are advected
southward by the relatively weak mean flow in the region.
Between 50 and 1000 m or so, there is no sign of significant
wave radiation in this region. Between 1000 and 2500 m, M,
shows propagation of waves, originating mostly in the southern
half of the eastern boundary of the domain and eastern half of
the southern boundary of the domain, primarily along the
contours of g formed by the Mediterranean Outflow (Plate
3e). This is easier to see in a plot of log,, (|M,|)m (Plate 4b).
The present diagnosis does not show from where the fluxes are
originating. However, stability analysis and model experiments
reported by Spall [1994] suggest that baroclinic instability may
generate wave activity in the open ocean in and around the salt
tongue of the Mediterranean Outflow, which may be the
source of these wave activity fluxes. Near the edge of the
high-g water generated by the Mediterranean Outflow we ob-
serve some westward and southwestward radiation and advec-
tion of wave activity. The source of these fluxes is presumably
local baroclinic instability of the kind discussed by Spall [1994].

Below 2000 m the mean flow is fairly strong and flowing
southward and southwestward along the western side of the
MAR. Apparently, the strong flow over the topography gen-
erates some waves that radiate away from the MAR westward
at these levels (Plates 3d and 3e), while it also advects sub-
stantial wave activity along the MAR. The westward My, em-
anating from the boundary appears to grow to some extent,
suggesting that the waves excited by the topography grow or
other sources of M, such as the indirect effect of the upper
level GS, also generate waves off the boundary of the MAR.
Most of the westward fluxes originating at the boundary appear
to converge at the western boundary. Although the MAR does
not provide a physical boundary above 2000 m, its indirect
influence on wave propagation between 1000 and 2000 m is
clear; wave activity fluxes originating to the east of the MAR
are mostly contained to the east of the MAR. Trajectory cal-
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culations of particles show that horizontal particle movement
between 1000 and 2000 m is also strongly influenced by the
indirect effects of the MAR; particle trajectories show the
presence of a very strong boundary against mixing above the
MAR. Potential vorticity fields calculated from an improved
hydrographic data set by Lozier [1997] suggest that the mixing
barrier may exist in the real ocean also.

We examined convergence of My, for any clear relationship
with the mean flow but have not identified a robust relationship,
mainly because of the extreme noisiness of the convergence field.
We also examined the propagation characteristics suggested by
M,,, against movies of ¢ field evolution and found that waves and
packets of waves do appear to propagate in the manner suggested
by My, fields. Thus, despite the limitation imposed by the sim-
plifying assumptions used in deriving the formula, calculated M,
shows the correct first-order propagation characteristics of tran-
sient waves in the vicinity of the model GS.

4.3. Vertical Fluxes

The vertical fluxes of transient wave activity in the model are
expected to arise from motions associated with baroclinic waves
for the most part. One may thus expect predominantly downward
fluxes as the available potential energy provided by the surface
forcing is released and converted into kinetic energy by baroclinic
waves. Chester et al. [1994] found mostly downward fluxes in their
calculations for a small area near 55°W and 37°N at 500 and
1000 m, in agreement with this expectation. Figure 1 shows M, at
selected levels. Near the surface, My, is extremely noisy, and there
are many small areas of upward fluxes, contrary to the expectation
of primarily downward fluxes (Figure 1a). Unlike the horizontal
component described above, M. is negligible at all depths in the
southeastern part of the domain, where the influence of the Med-
iterranean Overflow appears to generate fairly large horizontal
wave activity fluxes. Large M, for each depth is observed
along the GS and underneath the GS at all depths. Below the
top 300 m the area of downward fluxes is visibly larger than
that at upper levels, but many isolated areas of upward fluxes
still exist (Figure 1b). Below 1000 m, finally, M is primarily
downward (Figure 1c). The decreasing noisiness in M . with
depth suggests that the extreme noisiness in the upper layers is
not necessarily totally due to the relatively short averaging
period used here. When M, is averaged in the horizontal at
each level, weighted by the area, it is downward at all levels,
suggesting that energy released at upper levels through ba-
roclinic instability propagates downward when the entire do-
main is considered.

There are two regions that show upward fluxes that are
presumably caused by flows over topography. One is a narrow
region along the western boundary near 73°W below 1875 m
(Figure 1c). The upward flux is observed all the way to the
bottom where the strong mean flow contacts the boundary,
suggesting the possibility that the upward flux is a result of the
flow over the topography. Another region is a narrow band on
the western side of the MAR below 2375 m (Figure 1c). Al-
though not as large as that seen near the separation point,
there are upward fluxes along the western side of the MAR
where substantial southward mean flow parallels the boundary.
Note that flow modification in upper levels induced by these
topography-generated upward wave activity fluxes may be, de-
spite their small magnitudes, substantial because of the highly
nonlinear nature of the flows at the upper levels.
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5. Eddy Forci

ng of Large-Amplitude Meanders meanders in the model solutions. As noted by Chao et al.

in the Model GS [1996] and Nakamura and Chao (submitted manuscript,

2000b), however, the amplitudes of the large quasi-stationary

An interesting feature of the GS is quasi-stationary mean- meanders of the model GS just downstream of the separation

ders that fluctuate
1983; Watts et al.,

slowly in time [e.g., Halliwell and Mooers, point are considerably overestimated; while the observed qua-
1995]. We observe similar quasi-stationary  si-stationary meanders have amplitudes of tens of kilometers
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[e.g., Halliwell and Mooers, 1983; Watts et al., 1995], the mean-
ders in the model have amplitudes of a few hundred kilome-
ters. Here we examine the relationship between the time mean
flow and eddies and its role in the large-amplitude meanders in
the model GS. Plate 5 shows the mean flow at 140 m, super-
imposed on g, in the vicinity of the meanders downstream of
the separation point. The overestimated amplitudes of the
meanders are likely to be linked to other unrealistic features of
the model. One likely consequence is a weakening of the flow
farther downstream since the large meanders are sites of en-
hanced momentum dissipation in the model. It also results in
underestimated heat and salt transport by the GS downstream
of the separation point. The meanders are quasi-stationary,
while their amplitudes fluctuate in time. Nakamura and Chao
(submitted manuscript, 1999b) diagnosed the relationship be-
tween the mean and transient eddies at the meanders and
concluded that the meanders are reinforced by the eddies. The
relationship between the mean and eddies is very similar to
that found in studies of atmospheric blocking events that are
essentially large persistent meanders of the subtropical jet
[e.g., Shutts, 1983; Illari and Marshall, 1983; Nakamura, 1998].
Nakamura et al. [1997] studied composite blocking events and
found that wave activity fluxes converge in the region of the
European blocking ridge in the amplification stage of the qua-
si-stationary wave that characterizes the blocking. They also
found that wave activity fluxes radiate away from the blocking
ridge as the blocking begins to dissipate. We find here a rela-
tionship between the wave activity fluxes and the ridges of the
time mean meanders similar to that found by Nakamura et al.
[1997] for their composite European blocking.

Plate 6 shows My, and —V,, - My, superimposed on g, in the
vicinity of the meanders at 140 m level. There is a small area of
strong My, convergence (positive values of —V,, - My,,) along the
upstream rim of the ridge at the first meander after the separation

point. The area is a relatively small portion of the entire ridge at
the first meander. At the second meander, downstream of the first
meander, there is a clear sign of My, convergence in a substantial
portion of the upstream half of the ridge. This pattern indicates
that horizontal wave activity fluxes converge in the meandering
ridges, tending to amplify the ridges. It also implies that transient
wave activity is dissipated there. The weaker sign of meander
amplification by transient eddies at the first meander suggests that
stationary wave forcing, such as topographic forcing, may be more
important in forcing the first meander. Similar patterns of My,
convergence in the ridges are observed at other levels in the top
1000 m of the model. This relationship between the meanders and
M,,, is in agreement with the conclusion drawn by Nakamura and
Chao (submitted manuscript, 1999b); transient eddies tend to
reinforce the meanders. As reported by Nakamura et al. [1997],
the weak flow inside the ridges provides a favorable condition for
accumulation of wave activity, which in turn results in further
amplification of the ridges. Note that this suggests a positive
feedback between the mean flow and eddies at the meanders.
The relationship between transient eddies and the time
mean meanders found here suggests that amplitude fluctua-
tions of the quasi-stationary meanders in the GS may be due to
accumulation and discharge of wave activity in the region of
meanders in a way similar to that which occurs in atmospheric
blocking events reported by Nakamura et al. [1997]. It also
suggests that the overestimated amplitudes of the quasi-
stationary meanders in the model GS may be caused by a
factor that results in an overestimated tendency for wave ac-
tivity to converge in the meanders. On the basis of the diag-
nostic calculations of eddy enstrophy, eddy potential energy,
kinetic energy, and eddy momentum fluxes we speculate that
insufficient model resolution for baroclinic waves of deforma-
tion radius scales may result in underestimated zonal acceler-
ation of the GS after its separation from the boundary, result-
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Plate 5. Vector plots of V,, superimposed on contours of § at 140 m. Units of the mean flow and g are m
s 'and 1 X 10~* s, respectively. Only the vicinity of the large meanders is shown.

ing in excessive accumulation of wave activity in the region of
meanders. The underestimated zonal acceleration of the GS
downstream of the separation point may create an unrealistic
imbalance between the downstream advection of wave activity
and input of wave activity immediately downstream of the
separation point and trigger growth of the quasi-stationary
meanders through the positive feedback action of eddies. Once
the meanders are created, eddies will keep reinforcing the
meanders, in which dissipation of eddy potential enstrophy is
enhanced to compensate for the underestimated downstream
advection of eddy potential enstrophy and wave activity by the
model GS. The sensitivity of the model kinetic energy along
the GS to the model resolution reported by Schmitz and
Thompson [1993] supports this scenario. Another possible
cause of the unrealistically large meander amplitudes is an
overestimated topographic forcing of stationary waves, rein-
forced by the positive feedback of transient eddies. Localized
vertically coherent upward wave activity fluxes near the bound-
ary in this region, mentioned earlier, support this possibility as
well. Since the wave activity dissipation in the quasi-stationary
meanders is also likely to be overestimated in the model, the
overestimated amplitudes of the meanders are likely to have
resulted in unrealistic features in the wave propagation char-
acteristics, such as underestimated wave activity advection by
the GS and underestimated wave radiation from the GS in the
vicinity of and downstream of the quasi-stationary meanders.

6. Eddy Characteristics at 55°W

It is of some interest to examine characteristics of the eddy
fields with respect to the zonal mean flow for possible system-
atic relationships between the mean flow and eddies at longi-
tudes where observational data have been collected and exam-
ined. We have examined the vertical cross sections of the time
mean zonal flow and eddy fields at 55°W since the peak of a
weak recirculation to the north of the model GS is observed
around this longitude. The time mean zonal flow is practically
the same as the mean along-stream flow for the model GS at
this longitude. Figure 2 shows vertical cross sections of i,
u'v', —d/dy (u'v"), and M at 55°W. The model GS has an
unrealistic secondary southern branch centered at 38°W (Fig-
ure 2a). The secondary branch is only half as strong as the main
northern branch, which is situated ~2° north of the observed
GS. Also, there is another even weaker third branch just off the
coast to the north of the main branch. The splitting of the GS
into three branches appears to be closely connected to the
overestimated large-amplitude quasi-stationary meanders just
downstream of the separation point. The main branch is sig-
nificantly weaker than the observed GS at this longitude, in
part, because of the splitting into three branches upstream.
(Compare this, for example, with the zonal velocity cross sec-
tion at 55°W shown by Hall and Fofonoff [1993].) Even with the
main and the secondary branches combined, the model GS
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below the top few hundred meters is visibly weaker than the
observed. Associated with the underestimated GS is the un-
derestimated eddy kinetic energy, particularly below the top
few hundred meters, as mentioned earlier. The model also
generates recirculations to the north and south of the GS in a
qualitative agreement with the observation. However, again,
the recirculations are displaced, and strengths of the recircu-
lations are weaker than the observed [e.g., cf. Hogg et al., 1986;
Hall and Fofonoff, 1993]. Presumably, these discrepancies be-
tween the model recirculations and the observed recirculations
are closely connected to the unrealistic features of the model
GS, such as the northward displacement in the position of the
GS, splitting of the GS, and the underestimated strength of the
GS. Despite these problems in the model-generated GS and
recirculations it seems useful to examine the eddy fields with
respect to the recirculations to potentially learn the qualitative
relationship between the recirculations and eddies.

The meridional wave radiation shown in the cross section of
M suggests wave radiation from the model GS in the upper
500 m or so as described in section 4 (Figure 2d). (There are
only minor differences between the cross sections of M°. and
M;.) However, a close inspection of the cross sections reveals
that the core of the wave radiation is located in between the
main and the southern branches of the model GS. Interestingly,
the radiation core is located very close to the observed GS. In the
immediate vicinity of the northern boundary the wave radiation is
away from the boundary from the top to the bottom with a very
small exception at ~2500 m. In most of the interior below 1000 m,
wave radiation is very weak and predominantly northward. These
patterns of wave radiation suggest that waves radiated from the
model GS and from the northern boundary are converging off the
northern boundary at all depths, perhaps contributing to the
northern recirculation in the model. Bower and Hogg [1992] found

evidence of barotropic wave radiation from the deep GS and
found 1+’ to be positive and negative to the south and north of
the GS, respectively. In the model this is reproduced to some
extent. In the top 700 m the boundary between positive and
negative u'v/coincides well with the core of the main branch of
the GS (Figure 2b). However, the boundary is at ~40°N in the
band of weak westward flow between the main and the secondary
branch of the model GS below the top 700 m. This may well be
related to the unrealistic features in the model GS and underes-
timated kinetic energy below the top few hundred meters in the

model. The cross section of —d/dy (u'v") shows acceleration of i
due to the convergence of u'v' (Figure 2c). A careful inspection
of Figure 2c shows that u"" tends to accelerate i in the westward
core of both the southern and northern recirculations and also the
core of the main branch of the GS. On the other hand, it clearly
tends to decelerate u in the core of the unrealistic southern
secondary branch of the GS and the narrow band of westward
flow between the main and the secondary branches. Hogg [1983]
suggested that the northern recirculation may be forced by inter-
facial form drag induced by eddies. The present results support
his hypothesis despite some obvious model difficiencies in repro-
ducing observed features and despite some obvious model diffi-
ciencies in accurately reproducing the observed circulations.

7. Summary and Discussion

We have used the three-dimensional quasi-geostrophic tran-
sient wave activity flux diagnostic developed by Plumb [1986] to
examine characteristics of transient eddy generation, propaga-
tion, and dissipation (or absorption) in the vicinity of the GS in
an eddy-resolving model of the North Atlantic. The results
show evidence of wave radiation from the model GS, particu-
larly clearly to the south of the GS, in agreement with limited
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calculations using observed data by Bower and Hogg [1992] and
Chester et al. [1994]. The gross pattern of wave activity fluxes in
the western North Atlantic is strong advection of wave activity
by the GS and radiation of wave activity from the GS in the top
1000 m or so, suggesting a substantial source of wave activity in
the vicinity of or farther upstream of the separation point.
Horizontal wave activity fluxes tend to reinforce large-
amplitude time mean meanders in the model GS just down-
stream of the separation point, in a way very similar to that
observed in atmospheric blocking events. Below the top
1000 m, waves radiate primarily westward, originating from the
lateral boundary or areas of vigorous baroclinic waves. Signif-
icant convergence of wave activity flux is observed at the west-
ern boundary at all depths. There are some signs of northward
wave radiation from the GS and subsequent convergence in the
vicinity of the westward flow of the northern recirculation.
Eddy meridional flux of zonal momentum tends to force the
westward flow of both the northern and southern recirculations
in the model. Open ocean instabilities appear to generate large
wave activity near the surface above the edge of the Mediter-
ranean Outflow. The fluxes of wave activity originating from
there are very large near the surface but are confined in a
narrow band, presumably because of weak mean flow advec-
tion. The same open ocean instabilities appear to be respon-
sible for generating relatively large wave activity and its fluxes
in and around the Mediterranean Outflow between 1000 and
2500 m. Although the assumptions required for the derivation
of the formula are not necessarily satisfied well in oceanic
applications, visual inspections of movies of potential vorticity
fields suggest that the diagnostic is capable of identifying the
first-order horizontal propagation characteristics of quasi-
geostrophic transient eddies in the model. The vertical flux of
wave activity is extremely noisy in the top 1000 m, showing many
small areas of both upward and downward fluxes. Below the top
1000 m it is mostly downward. When it is averaged horizontally
at each depth, however, the vertical flux is downward at all
depths, suggesting a conversion of potential energy supplied
near the surface into kinetic energy by baroclinic waves.

Because of the expected long evolution timescales of the oce-
anic flows at various depths, one must note that the results pre-
sented here suffer from somewhat noisy mean fields and quite
noisy eddy fields that arise from the relatively short period con-
sidered here. The annual mean flow of the 5 years considered
here shows some sign of low-frequency variability at all depths.
Also, deep levels of the model are almost certainly not in equi-
librium after 30 years of integration. To assess the sensitivity of
the present results to the time period considered, we repeated
calculations of both the horizontal flux and the vertical flux for
selected levels, using only the first 3 years of the 5 year output. We
find that the overall features remain the same at all depths,
both qualitatively and quantitatively. However, close inspec-
tions reveal some differences in the detail. In order to obtain
smooth mean fields and wave activity flux fields, a much longer
time series is probably necessary. The present results may be
more appropriately interpreted as diagnoses of the relation-
ship between low-frequency and high-frequency fields, where
the low-frequency component is defined as that part of the
time series that evolves with timescales longer than 5 years and
the high-frequency component being the rest. We believe,
however, that the gross features shown here would be present
in diagnoses of a much longer time series also.

To what extent the current results represent the reality is not
clear because of the lack of calculations of these diagnostic
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quantities with observed data with extensive spatial and tem-
poral coverages. We also emphasize that unrealistic features in
the model solution are associated with unrealistic features in
the transient eddy propagation characteristics presented here.
Of particular concern is the impact of the northward displaced
and underestimated GS on the results presented here. In the top
few hundred meters, where the model GS is reasonably strong,
the picture presented here may be qualitatively correct. However,
below the top few hundred meters, especially at the intermediate
and deep levels where the model GS is extremely weak and
unorganized, the picture presented here may be incorrect even
qualitatively. For example, the deep GS may, in reality, advect a
significant amount of wave activity from the separation point and
radiate it along its path. Needless to say, the magnitude of tran-
sient wave activity fluxes is highly likely to be underestimated in
the model at deep levels, because of the underestimated eddy
energy. Also, the deduced unrealistically strong dissipation of the
wave activity in the large-amplitude quasi-stationary meanders
just downstream of the separation point is likely to have resulted
in underestimated wave radiation from the GS downstream of the
meanders. These unrealistic features are likely to have affected
the entire GS system, including the DWBC and recirculations.
One must be aware of these limitations that arise from model
difficiencies in a diagnosis of this kind. We believe that some
aspects of transient wave propagation characteristics will be im-
proved in a higher-resolution model but not necessarily all as-
pects. For example, we expect eddy fields at high latitudes, in
general, to be represented better by higher resolution because of
the smaller radii of deformation at higher latitudes. We also
suspect that the component of My, that is perpendicular to con-
tours of g would be larger in a higher-resolution model output
because of the greater eddy kinetic energy generated by the
higher resolution. Regions whose eddy fields are dominated by
local processes (e.g., in and around the water influenced by the
Mediterranean Outflow) are, in general, likely to benefit from a
higher resolution. On the other hand, regions whose eddy fields
are significantly affected by nonlocal processes (e.g., the vicinity of
the GS) do not necessarily receive the benefits of a higher reso-
lution. Various factors other than the model resolution are known
to have significant impact on model performance on simulating
the separation and path of the GS [e.g., Thompson and Schmitz,
1989; Dengg, 1993]. Thus an improvement in eddy fields in the
vicinity of the GS is not guaranteed by a higher-resolution model.

Given very important roles of transient eddies in the main-
tenance of and fluctuations in the ocean circulations and cli-
mate, characteristics of wave generation, propagation, and dis-
sipation need to be studied in detail. We have here
demonstrated that the diagnostic of the three-dimensional
transient wave activity fluxes developed by Plumb [1986] may
be a powerful diagnostic tool for oceanic problems. We found
the physical nature of the information provided by the diag-
nostic to be insightful in examining the model output. It may
not be very useful in quantifying the impact of eddies on the
mean or low-frequency state, but it seems to be useful in
learning the qualitative relationship between the eddies and
the mean or low-frequency state. It may thus also help us
deduce the physical processes involved in generating a certain
type of unrealistic feature, i.e., those features that involve eddy
forcing, in model solutions when applied to model output.
Once the wave activity fluxes are calculated from observational
data with a reasonable accuracy in the future, the fluxes com-
puted from model output may be compared against the ob-
served fluxes for a quantitative assessment of the difficiencies
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in the model physics. Measuring quantities that are necessary
to compute the wave activity and its fluxes in the vicinity of the
GS will be of great scientific value not only in terms of learning
the reality but also in terms of improving eddy-resolving mod-
els. We believe that the approach presented here will supply
valuable information in such studies.
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